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The Influence of Thermomechanical Processing 
Variables on Superplasticity in a High-Mg, Al-Mg Alloy 
E.-W. LEE, T. R. McNELLEY, and A. F. STENGEL 
The superplastic response of an Al-10.2 pct Mg-0.52 pct Mn alloy, warm r?lled at 573 K (300 °C), 
may be enhanced by annealing at a lower temperatun~, 473 ~ (200 °C), pn~r to ~ubsequent stress-
strain testing at a warm temper~ture, e.g._, 573 K (3?0 C). !his enhanceme~t is_attnbuted to recov~ry 
and precipitation during annealing effectively retardmg continuous _recrystal_hzat10n and g~owth dunng 
subsequent deformation. The finer resultant structure more re~d1ly s~sta1~s su~erpl_astJc flow pro-
cesses. The warm-rolled structure, a refined subgrain structure in conJunct1on with fme /3 (Mg5Als) 
and MnA16 precipitates, will statically recrystallize only upon heating t_o a te~perat~re above t?e Mg 
solvus, such as 713 K (440 °C). Such recrystallization results in a relatively fme-grained matenal but 
also suppresses warm-temperature superplasticity; deformation at 573 K (300 °C) takes place by 
dislocation flow in the recrystallized material. At temperatures above t?e Mg solv~s, both warm rolled 
and recrystallized materials exhibit superplastic elongations but cavitate extensively as a result of 
deforming by boundary sliding. 
I. INTRODUCTION 
SUPERPLASTICITY in aluminum alloys has been the sub-
ject of numerous research, development, and application 
efforts in the past twenty years. Early research concentrated 
on eutectic or eutectoid alloys, 1•2•3 and the principal con-
cerns of such studies were the mechanisms of superplastic 
deformation per se. More recent work has been directed 
toward existing alloys 4•5 and also toward novel alloys 6·7 with 
useful ambient temperature properties as well as elevated 
temperature superplasticity. Development of ther:110-
mechanical processing (TMP) methods to produce refmed 
structures in such alloys4-7 has been central to attaining 
superplastic behavior in them._ Such processin~. may be 
expected to influence various m1crostru~ture sensi_hve prop-
erties. Processing by TMP methods mcorporatmg warm 
rolling has been shown to result in a particulate dispersion 
of intermetallic {3 (Mg 5Al8) precipitates in high-Mg, Al-Mg 
alloys8 with strengthening as well as enhanced resistance 
to stress corrosion susceptibility as a result. Also, super-
plastic behavior results in these Al-Mg alloys at relatively 
low temperatures and high strain rates 9 when processed by 
warm rolling. 
Waldman et al. 10 have shown that 7075 and other high-
strength aluminum alloys can be processed to possess a fine, 
recrystallized grain structure by an appropriate TMP. Sub-
sequently, Paton et al. 4•5 applied a similar TMP method and 
processed 7075 and 7475 aluminum alloys. These materials 
exhibited superplastic elongations of 500 pct at 793 K 
(520 °C) and a strain rate of 2 x 10-4 s- 1. Subse~u~nt 
efforts by Wert 11 have extended this wor~ by provi~ing 
interpretation of the mechanisms of formation of the fme, 
recrystallized grain structures developed by the TMP. 
A dispersion of micron-sized precipitates is produced by 
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overaging of the alloy in an initial step; subsequ~ntly: warm 
working is done to provide stored energy which 1s then 
released in recrystallization upon reheating to a temp_er_ature 
near the solvus for the strengthening phase. The precipitates 
formed in the initial overaging serve as nucleation sites, and 
the resultant grain size may be 5 µm or less. 
A different approach to obtain superplasticity has been 
reported by McNelley, Lee, and Mills9 and applied to an 
Al-10.2 pct Mg-0.5 pct Mn alloy. The distinct feature of 
this method is development of a fine subgrain structure by 
a TMP which concludes with warm rolling at 573 K 
(300 °C). Here, the refined subgrain structur~ is stabili~ed 
by precipitation of {3 (Mg5Al8) concurrently with the rolhng 
and also by a dispersion of fine MnA16 as well. In ge~eral, 
such a structure would be excluded from superplastlc re-
sponse as such unrecrystallized microstructures wou_ld n?t 
sustain grain boundary sliding, an important me~hamsm m 
the superplastic flow process. However, continuous re-
crystallization, as described by Jones, 12 leading to _evolution 
of a very fine, partially recrystallized structur~ dunng defor-
mation, enables this alloy to deform superplastically. Advan-
tageous features of this are relativ~ly low temperature~ ~nd 
high strain rates at which the matenal shows superplast1city. 
An elongation of 400 pct was attained at a test temperature 
of 573 K (300 °C) and a strain rate i = 2 X 10-3 s- 1• At 
this low superplastic deformation temperature th~re is li!tle 
cavitation, and high strain rates for superplastic formmg 
would be technologically significant. 
Here, the effects on superplastic response of annealing 
treatments below the original warm rolling temperature, as 
well as the effects of recrystallizing the warm rolled material 
by heating above the Mg-solvus, are considered. As shown 
previously,9 an Al-10.2 pct Mg-0.5 pct Mn alloy, pro-
cessed by warm rolling at 573 K (300 °C), does not re-
crystallize during static annealing a~ this same_temperature; 
rather microstructural changes dunng annealing at 573 K 
(300 ;C) are dominated by recovery, with some coarsening 
of the substructure produced by the rolling. In contrast, 
during tensile extension at 573 K (300 °9, contin_uous re-
crystallization takes place; the resultant grams are fme, thus 
facilitating superplastic flow at this relatively low temp~ra-
ture. Annealing of the previously warm-rolled matenal, 
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especially if done at a temperature such as 473 K (200 °C), 
i.e., below the previous rolling temperature, will bring 
about recovery as well as the formation of additional fine 
precipitates. The influence of this on subsequent continuous 
recrystallization during deformation at temperatures above 
that of the annealing is considered here. 
Alternatively, a recrystallizing treatment at or above the 
Mg solvus would result in a processing condition analo?ous 
to that utilized with the high strength 7XXX alloys. 4• • 10.11 
Therefore, in this investigation the deformation behavior of 
three TMP conditions was compared. These are material 
warm rolled at 573 K (300 °C), material warm rolled at the 
same temperature but then annealed at 473 K (200 °C) for 
one hour, and material warm rolled and then recrystallized 
by heating to 713 K (440 °C). Deformation behavior and 
superplasticity at 573 K (300 °C) and microstructural 
changes such as during deformation were of principal con-
cern. Behavior at other temperatures was also examined 
better to assist in interpretation of results. 
II. EXPERIMENTAL PROCEDURE 
The composition of the alloy examined in this research is 
given in Table I. This alloy was prepared as a direct-chill 
cast ingot at the Alcoa Technical Center, Alcoa Center, PA, 
and is the same material previously examined and described 
in more detail. 9 
Figure 1 illustrates the three thermomechanical process-
ing conditions evaluated here. All begin with solution treat-
ment and hot working by upset forging, followed by warm 
rolling at a temperature below the solvus, here 573 K 
(300 °C). This results in condition "1", i.e. , warm rolled. 
This processing condition has been described previously in 
greater detail. 8·9 The solution treatment was done at 440 °C, 
above the solvus but below the eutectic. The upset forging 
was accomplished by 67 pct reduction in height of the billet 
Table I. Alloy Composition (Wt Percent) 
Mg Mn Si Fe Ti Be Al 
10.2 0.52 0.01 0.03 0.01 0.0002 balance 
5 oo HO W l<ING 
























Fig. I -A schematic diagram of the thermomechanical processing 
method, showing initial solution treating and hot working above the Mg 
solvus followed by warm rolling below the solvus. Condition 'T' is warm 
rolled only; recrystallizing by heating above the solvus results in condi-
tion "2", while annealing at 473 K (200 °C) gives condition "3". 
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on platens heated to maintain isothermal conditions during 
the hot working. The warm rolling was carried out by con-
stant thickness reduction per pass. Reheating between each 
pass was necessary to maintain essentially isothermal rolling 
conditions with the laboratory-scale equipment used. A 
warm reduction of 90 pct (final thickness of 2.5 mm) was 
attained in 20 passes. Condition "2" is a recrystaiiized con-
dition while condition "3" is an annealed condition. These 
latter conditions were obtained by appropriate treatment of 
previously warm-rolled material utilizing neutral salt baths 
for accurate control of heating time and temperature. Sheet 
type tensile specimens, of 4: 1 gage length to width ratio, 
were prepared. All tensile testing was performed on a 20 kN 
lnstron machine utilizing a three zone furnace for tem-
perature control. Temperature was maintained constant to 
within ±2 K along the specimen gage length and with re-
spect to time as well. Procedures followed were as described 
previously. 9 
Thin foils for transmission electron microscopy (TEM) 
were taken from deformed specimens as close as possible to 
the fracture. When the ductility was especially high, the 
gage section width would be less than one millimeter. Then, 
a special masking of the polishing unit was employed to 
make specimens of this width. Otherwise, procedures were 
as described previously 9 and all foils were examined in a 
JEOL-lOOCX TEM operated at 120 kV. 
III. RESULTS 
The thermomechanical processing to condition "1 ", the 
as-rolled condition, produced the slightly elongated, sub-
grain structure depicted in Figure 2(a), of subgrain size less 
than 0.5 µ,m. Condition "3", resulting from annealing the 
rolled material at 473 K (200 °C) for one hour, had a micro-
structure identical in appearance to that of the as-rolled 
condition. However, recovery during annealing at 473 K 
(200 °C) likely would result in a more stable structure than 
that of the as-rolled condition. Recrystallization resulting 
from the processing to condition "2" produced a completely 
recrystallized, equiaxed grain structure of approximately 
5 µ,m grain size as shown in Figure 2(b). Unlike that of 
Paton et al., 4 ·5 this TMP did not require an overaging treat-
ment to create large particles to act as nucleation sites 
for recrystallization. Still, the recrystallized grains are 
fine compared with those formed by other TMP methods. 
It is believed the recrystallization upon heating to 713 K 
(440 °C) occurs by nucleation in regions such as deforma-
tion bands, without assistance of large particles, and sub-
sequent growth is restricted by the MnAl6 particles still 
present at this temperature. 
Tensile data were obtained for this material over a wide 
range of strain rate, 10-4 to 10- 1 s 1, and temperature, 298 
to 698 K (25 to 425 °C). The data presented in Figure 3 
comprise the results of testing at 573 K (300 °C) and show 
both ductility and stress vs strain rate for the as-rolled, 
annealed, and recrystallized conditions. The stress value 
is that obtained at a constant true strain £ = 0.1 from a 
stress-strain curve; each data point corresponds to a single 
stress-strain test. The recrystallized material, condition "2", 
exhibits the highest strength and lowest ductility among 
three conditions and the strain rate sensitivity coefficient 
m = d In a/ d In i, where O" is the stress at O .1 strain and 
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Fig. 2-Transmission electron micrographs comparing the structures of 
(a) as-rolled (condition "I") material to (b) recrystallized (condition "2") 
material, showing the refined subgrain structure produced by warm rolling 
in contrast to the fine grains of the recrystallized condition. The micro-
structure of material annealed at 473 K (200 °C) (condition "3") appeared 
identical to that shown in (a). 
£ is the strain rate, is about 0.3. There is little difference in 
strength between the as-rolled condition "l" and annealed 
condition "3" although the annealed condition does appear 
slightly weaker. More notable is the enhanced ductility of 
the annealed condition compared to either of the others. 
Ductility for this material approaches 600 pct at a strain rate 
of 5 X 10-3 s- 1 and this test temperature of 573 K (300 °C). 
The strain rate sensitivity coefficients for both condi-
tions "I" and "3" appear to be -0.45 for strain rates from 
10--1 to 10-2 s- 1 and the dependence of the coefficient m 
on strain rate appears to be consistent with the dependence 
of the ductility on strain rate. The data suggest that the 
peak ductility attained is shifted to higher strain rates by 
the annealing; the stress-strain rate data are not sufficiently 
accurate to infer a similar shift in the maximum value of 
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Fig. 3- The results of tension testing of the three processing conditions, 
showing ductility (upper plot) and strength (lower plot) data as a function 
of strain rate. The stress value is that at a strain E = 0.1 and each point 
corresponds to one tension test. Warm rolled is condition "I"; warm rolled 
and recrystallized is condition "2"; warm rolled and annealed is condi-
tion "3". 
m. Overall, ductility throughout the strain range tested is 
approximately 30 pct higher for the rolled and annealed 
material compared to the as-rolled material. 
Figure 4 is a plot of tensile ductility vs test temperature 
for the as-rolled ( condition "l ") and recrystallized ( con-
dition "2") materials at a strain rate of 5.6 x 10-4 s- 1• Test 
temperatures range from 298 to 698 K (25 to 425 °C). For 
both processing conditions, ductility increased with tem-
perature. At low temperatures, the stronger rolled condition 
exhibited smaller ductility than the softened, recrystallized 
condition. The ductility of the as-rolled condition increased 
more rapidly with temperature, however, than that of the 
recrystallized condition, until about 598 K (325 °C); these 
data illustrate clearly a temperature regime of enhanced 
ductility resulting from the presence of a fine substructure 
as developed by warm rolling. Above this temperature 
range, the ductility of both processing conditions is the same 
and attains values above 500 pct. This likely results from 
recrystallization of the as-rolled material upon heating and 
prior to commencing a test when the test temperature is near 
or above the solvus, 643 K (370 °C). The structure, then, of 
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Fig. 4-Ductility vs test temperature for warm rolled (condition"!") and 
rolled and recrystallized ( condition "2") materials showing the enhanced 
ductility for the warm-rolled material at temperatures below the solvus 
where the initial microstructure consists of subgrains developed during 
prior warm rolling at 573 K (300 °C). 
both conditions would be essentially the same at the be-
ginning of a tension test conducted at temperatures essen-
tially at or above the solvus for Mg in the alloy. As shown 
in Figure 2, the resultant recrystallized grains are fine, 
-5 µ,m in size. Hence deformation by boundary sliding 
at such temperatures would be feasible with resultant 
high ductility. As demonstrated in previous work,9 how-
ever, deformation at 673 K ( 400 °C) of the recrystallized 
grain structure is accompanied by extensive cavitation. 
Microstructural data for test specimens of as-rolled 
(condition "l") material, deformed to fracture at 573 K 
(300 °C) at various strain rates, are shown in Figure 5. The 
TEM foil normal was the same as the normal to the rolling 
plane in prior processing. At the highest strain rate, 
5.6 x 10-2 s- 1, no signs of recrystallization were observed 
as seen in Figure 5(a), but coarsening of the structure and a 
reduction in dislocation density relative to the initial struc-
ture (Figure 2(a)) are obvious. At the intermediate strain 
rate, 5. 6 x 10-3 s- 1, partial recrystallization appears to 
have begun (Figure 5(b)). Dislocation free grains were ob-
served in many regions of the foil. At the lowest strain rate, 
5.6 x 10-4 s- 1, still more extensive recrystallization was 
apparent (Figure 5(c)). In some areas, the recrystallized 
grains had grown and grain boundaries were clearly defined. 
A completely recrystallized structure was not observed 
for any strain rate tested at this temperature, but the de-
gree of recrystallization increased with decreasing strain 
rate. Of note is that the size and distribution of both the 
/3 (Mg5Al8) and MnAl 6 showed no appreciable change 
during deformation. 
The microstructures of rolled and annealed ( condition "3 ") 
material, after deformation to fracture at 573 K (300 °C) at 




Fig. 5- Microstructures by TEM of wann-rolled (condition "l ") material, 
deformed to fracture at (a) 5.6 x 10· 2 s- 1; (b) 5.6 x 10-, s-•, and 
(c) 5.6 x 10-4 s-•. The structure becomes generally coarser and more 
fully recrystallized as the strain rate is reduced. 
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two different strain rates, are shown in Figure 6. The higher 
strain rate, 5.6 x 10-3 s- 1, is the same as that for the micro-
graph of Figure 5(b), while the lower rate, 5.6 x 10-4 s- 1, 
is the same as for Figure 5( c). Hence, the effect of the prior 
annealing may be seen by comparing Figures 5(b) and ( c) 
with Figure 6. The degree of recrystallization for these two 
conditions is similar at either strain rate, but the resultant 
grain (or subgrain) size is about 30 pct smaller for the mate-
rial experiencing annealing at 473 K (200 °C) prior to test-
ing at 573 K (300 °C). This finer grain size is consistent 
with the data of Figure 3 wherein this annealed condition 
exhibits a reduced flow stress and greater superplastic elon-
gation than the as-rolled condition. Precipitate size and dis-
tribution, on the other hand, appear little affected by the 
prior annealing; notable as well is that in neither condition 
is there a tendency to form continuous grain boundary pre-
cipitates. The shape of the precipitate particles is somewhat 
different in the material experiencing prior annealing, the 
particles being more rounded and less rod-like than in the 
(a) 
(b) 
Fig. 6 -Microstructures by TEM of rolled and annealed (condition "3") 
material, deformed to fracture at (a) 5.6 x 10-, s- 1 and (b) 5.6 x 10-• 
s-'; these are the same strain rates as in S(b) and S(c), respectively. These 
structures are finer than those of material in the warm-rolled condition, 
deformed under identical conditions. 
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Fig. 7 -A subgrain boundary by TEM in material rolled and then annealed 
(condition "3") prior to testing in tension at 573 K (300 °C) and a strain 
rate i: = 5.6 x 10-' s- 1, the same test parameters as Fig. 6(a). 
as-rolled material. Sub grain boundaries were observed in 
the material experiencing annealing prior to tension testing, 
as illustrated in Figure 7. Such boundaries, of misorienta-
tion on the order of one degree based on dislocation spacing, 
are believed to result from the prior wann rolling and to 
remain due to incomplete recrystallization. 
In contrast to the foregoing results on materials in the 
rolled or rolled and annealed conditions, Figure 8 shows 
subgrain structures formed in the recrystallized (condi-
tion "2") material as a result of deformation at 573 K 
(300 °C). The strain rate for this test, 5.6 x 10-2 s- 1, evi-
Fig. 8-Dislocation substructures by TEM in recrystallized (condition "2") 
material, developed during deformation at 573 K (300 °C) and a strain rate 
i=S.6xl0 2 s· 1. 
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dently was sufficiently high for this test temperature and 
grain size to preclude control of deformation by boundary 
sliding. Rather, deformation was by dislocation generation 
and motion; note the higher apparent dislocation density 
in this material as compared to the structure just after 
recrystallization (shown in Figure 2(b)). This is also con-
sistent with the observation noted earlier of a strain rate 
sensitivity coefficient m = 0.3 for these deformation con-
ditions, as well as lower ductility. At a higher temperature, 
623 K (350 °C), and similar strain rate there is also a high 
dislocation density and no apparent grain growth (Fig-
ure 9(a)), while at a lower strain rate grain growth is 
becoming apparent as is formation of /3(Mg5Al8) precipi-
tates on grain boundaries during cooling after testing (Fig-
ure 9(b)). The MnA16 did not exhibit a tendency to collect 
(a) 
(b) 
Fig. 9- Transmission electron micrographs of warm-rolled and re-
crystallized (condition "2") material .. deformed to fracture at 623 K 
(350 °C) and strain rate (a) 5.6 x 10-2 s- 1 and (b) 5.6 x 10-• s- 1• In both 
cases, dislocation deformation processes are evident, as well as coarsening 
of grains at the lower strain rate. 
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(a) 
(b) 
Fig. IO-Transmission electron micrographs of the same sample as 
Fig. 9(b), showing (a) slip character and (b) evidence for twinning in the 
{3(Mg,Al8) precipitates. 
on the boundaries. Figure IO(a) shows the deformed struc-
ture of this recrystallized material following testing at this 
temperature and at the lower strain rate, 5.6 x 10-4 s- 1, 
to consist of both planar and wavy slip. In Figure lO(b), 
deformation twinning of the /3(Mg,Al 8) is apparent. Occur-
rence of this mode may facilitate deformation of this phase 
and enhance ductility of the alloy. 
IV. DISCUSSION 
Superplastic behavior observed in this alloy when ther-
momechanically processed by warm rolling results from 
continuous, or dynamic, recrystallization during defor-
mation at warm temperatures. 9 The very fine grain structure 
resulting from such recrystallization during deformation al-
lows superplastic flow processes to occur at relatively low 
temperatures and high strain rates. Softening of the inter-
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metallic /3(Mg5Al8) and additional deformation modes for 
it, e.g., twinning, will contribute as well to the ductility of 
the alloy. 
A. Effect of Annealing on Structure 
Here, modifications to the structure of the warm rolled 
condition were made to gain further insight into the defor-
mation processes in this material. Annealing at 473 K 
(200 °C) after warm rolling resulted in a reduced flow stress 
and enhanced superplastic ductility in subsequent stress-
strain testing at 573 K (300 °C). The ductility of both the 
as-rolled and the rolled and annealed material exhibited a 
maximum value roughly corresponding to the maximum 
slope m in the stress-strain rate data. The strain rate at 
maximum ductility appears to have shifted to higher values 
for the material experiencing the prior annealing as well. 
There is no apparent difference in the microstructures of the 
as-rolled and the rolled and annealed conditions; however, 
it is expected that recovery at 473 K (200 °C) will have 
occurred and this will result in a more stable structure fol-
lowing such annealing. Also, as the annealing temperature 
is below the prior rolling temperature additional {3(Mg5Al8) 
precipitate formation would be expected. Recovery would 
result in a reduced tendency to recrystallize and additional, 
fine particles would retard continuous recrystallization by 
pinning of subgrain boundaries. Following Zener, 13 a dis-
persion of fine particles of radius r and volume fraction f 
will restrict grain growth to a size d given by 
d = a 3r 
4/ 
[ l l 
where a is a constant. Hence, the low-temperature anneal 
would be effective in retarding not only the recrystallization 
but also subsequent growth by a dispersion of fine particles. 
Indeed, the microstructural scale after deformation to frac-
ture is finer for the material experiencing prior annealing as 
demonstrated in Figure 6, the mean intercept length for the 
annealed material being about 30 pct smaller than that of the 
as-rolled condition. The extent of recrystallization varied 
with location in a given foil making quantitative comparison 
difficult. As noted previously, both processing conditions 
were recrystallized to a similar degree, with perhaps slightly 
more extensive recrystallization in the as-rolled material. 
B. As-Rolled, Rolled, and Annealed Conditions 
Many fine-grained superplastic materials have been 
shown 14- 19 generally to follow a phenomenological relation 
of the form 
. = A Derr(!!.)" 
Espf d2 E [2] 
[3] 
where i spf is the strain rate during superplastic deformation, 
A is a material constant, Derr is the effective diffusion coef-
ficient, d is the grain size, <I is the stress, E is Young's 
modulus, and n(= 1/m) is the stress exponent. In Eq. [3], 
DL is the lattice diffusion coefficient, c is a constant, 8 is the 
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thickness of a grain boundary layer, and DG8 is the grain 
boundary diffusion coefficient; the term inside the first 
parentheses is Derr where it is assumed that the effective 
diffusion coefficient is the weighted average of the lattice 
diffusion coefficient and grain boundary diffusion coeffi-
cient and the weighting factor c8 / d is essentially the frac-
tion (much less than one) of atoms associated with the grain 
boundary layer. 
The stress exponent n = 2 for many materials, 14 and it is 
frequently suggested that the deformation mechanism is 
grain boundary sliding accommodated by slip. 15- 19 Here, 
for both the as-rolled and the rolled and annealed mate-
rials (conditions "1" and "3"), the stress exponent is 
1/0.45 = 2.2, a value consistent with this phenomenolog-
ical relationship for fine-grained materials. Microstructural 
data reported here and previously~ for this alloy suggest an 
incompletely recrystallized structure even at fracture and 
that both processing conditions examined here have initial 
structures consisting of subgrains and not grains. However, 
as noted previously,9 the stress and temperature dependence 
of the activation energy for deformation is consistent with 
continuous recrystallization of such a structure beginning 
at the onset of deformation and with subsequent growth 
being progressively more severe at lower strain rates or 
higher temperatures. 
Equation 3 implies lattice-diffusion control of super-
plastic flow when DL ~ (c8/d)DG 8 ; under such circum-
stances, the deformation rate then would be proportional 
to the inverse square of the grain size, i.e., i ad- 2 • Con-
versely, at lower temperatures (c8/d)DG 8 ~ DL may result 
with grain boundary diffusion control and deformation rate 
proportional to the inverse cube of the grain size, i ad - 3• 
Here, the apparent grain size at fracture was about 30 pct 
smaller for material annealed after rolling and prior to test-
ing. An inverse square dependence on grain size would 
predict an increased strain rate by a factor of (0. 7)- 2 = 2.04 
while an inverse cube, an increase in strain rate by a factor 
of (0.7)- 3 = 2.9 when the annealed condition is compared 
to the as-rolled. The data of Figure 3 indicate an increase in 
deformation rate by a factor of 1.4 when the rolled and 
annealed condition is compared to the as-rolled condition. 
The microstructural data apply to samples deformed to frac-
ture while the stress vs strain-rate data were obtained at a 
small strain, E = 0.1, and the difference in microstructural 
scale may not be as great as that at fracture. Nonetheless, the 
behavior of this alloy in both the as-rolled and rolled and 
annealed condition is consistent with a model for super-
plastic deformation by grain boundary sliding accommo-
dated by slip. The initial microstructure produced by the 
warm rolling is composed of fine subgrains rather than 
grains. Deformation to large strains at 573 K (300 °C) does 
result in a structure· consisting of both fine grains and sub-
grains; the extent of recrystallization increases with de-
creasing strain rate and grain growth is more pronounced at 
lower strain rates. Hence Eq. [3] may be applied once re-
crystallization commences during deformation; increased 
grain size at lower strain rates, then, will result in hardening 
at low rates and thus reduce the apparent value of m in a 
manner analogous to the effect reported previously on the 
activation energy. 9 Finally, the retardation of growth by 
annealing prior to testing will result in weakening and en-
hanced superplastic response. 
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C. Recrystallized Material 
Upon heating of the as-rolled material to 713 K (440 °C), 
complete recrystallization occurs resulting in an equiaxed 
grain structure of about 5 µ,m grain size. The processing to 
this stage, condition "2" on Figure 1, is essentially identical 
to that employed to attain superplasticity in 7475 Al,4·5 with 
the exception that no overaging was required to provide a 
dispersion of particles to serve as nucleation sites for re-
crystallized grains. Instead, the discontinuous recrystalli-
zation here likely proceeds by nucleation in regions such 
as deformation bands or grain boundary triple points of the 
original solid solution grains. Subsequent growth would be 
rapid as the f3(Mg5Al8) would dissolve at this temperature; 
however, the presence of the MnAl6 likely retards such 
growth, facilitating the resultant fine grain structure. 
This recrystallization treatment completely suppresses 
superplasticity at 573 K (300 °C) as shown clearly in Fig-
ure 3. The strength has been increased substantially 
compared to the as-rolled condition, and the strain rate 
sensitivity coefficient m = 0.3 is consistent with dislo-
cation glide control of deformation in the alloy. 20- 23 Duc-
tility at 573 K (300 °C) is substantially lower than that of 
as-rolled or rolled and annealed condition, again consis-
tent with a change to control of deformation by dislocation 
deformation processes and reduced strain rate sensitivity 
coefficient. 
Microscopy results as well confirm this change; at 573 K 
(300 °C), microstructural changes during deformation are 
dominated by generation and accumulation of dislocations 
and formation of substructure as shown by comparison of 
Figures 9 and 10 with Figure 2(c). At a higher temperature, 
623 K (350 °C) and low strain rate, a tendency toward grain 
growth was observed with lessened dislocation structure 
in evidence. 
In analogy with behavior of thermomechanically pro-
cessed 7475 Al, this recrystallized condition does behave 
superplastically at temperatures near and above the Mg-
solvus temperature. Ductility exceeds 500 pct, as shown in 
Figure 4, and deformation of the fine, recrystallized grain 
structure occurs by grain boundary sliding and is accom-
panied by extensive cavitation. 9 
Comparison of the behavior of this recrystallized condi-
tion "2" to the behavior of the as-rolled or rolled and 
annealed conditions "1" and "3" supports the contention 
that superplastic deformation at warm temperatures in these 
latter conditions is the result of continuous recrystallization 
to a very fine grain structure. Recrystallization to such a fine 
structure then facilitates superplastic mechanisms at rela-
tively low temperatures, e.g., 573 K (300 °C) and high 
rates in comparison to those typically reported for wrought 
aluminum alloys. 
V. CONCLUSIONS 
I. Superplastic ductility at 573 K (300 °C) of warm rolled 
Al-10 pct Mg-0.5 pct Mn may be enhanced by anneal-
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ing at a temperature below that ot the prior warm rolling. 
2. Annealing results in stabilization of the substructure pro-
duced by the prior warm rolling; additional precipitation 
occurring during such annealing likely retards growth of 
continuously recrystallized grains, resulting in a finer 
subsequent structure and the enhanced ductility observed. 
3. Recrystallization of the rolled structure by heating to a 
temperature above the Mg-solvus results in a fine-grained 
material and a processing condition analogous to that 
utilized with other superplastic Al alloys. 
4. The recrystallization treatment suppresses the warm 
temperature superplasticity; deformation at warm 
temperatures occurs by dislocation glide-controlled 
flow processes with strain rate sensitivity coefficient 
m = 0.3. 
5. The recrystallized condition does deform superplastically 
at high temperatures, i.e., above the Mg-solvus tempera-
ture, but with cavitation during deformation. 
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